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ABSTRACT: Bioceramics such as hydroxyapatites have low fracture toughness and this has limited their 
widespread use in medicine.  In this paper we describe a method for incorporating, ductile platinum particles 
into a hydroxyapatite matrix in order to improve the fracture toughness.  The fracture toughness of the 
composite was measured using a Vickers indentation technique and the effect of volume fraction of platinum 
particles on the fracture toughness was determined and compared with predictions based on models in the 
literature.  The results indicated that the incorporation of the particles improved the measured fracture 
toughness of the composite in a manner consistent with that predicted in the literature. 
1 INTRODUCTION 
Hydroxyapatite ceramics have been investigated for many years as potential bone replacement 
materials.  However, the widespread use of these ceramics has mostly been limited to coatings on 
metallic substrates or as particulate bone fillers.  One of the major drawbacks to the use of 
hydroxyapatite ceramics in medicine is the poor fracture toughness of the material and resulting 
poor tensile fracture strength.  In this paper, we investigate a method to improve the steady state 
fracture toughness through the incorporation of ductile platinum particles into a hydroxyapatite 
ceramic matrix.  A novel technique for incorporating platinum particles into a hydroxyapatite 
matrix is described and the effects of this process and the resulting particles on microstructure and 
fracture toughness is described.  The results are compared with the predictions of theoretical 
studies. 
Experimental observations over a number of years have demonstrated that the fracture toughness 
of brittle solids can be enhanced by the distribution of ductile particles within the matrix [Bannister, 
et al., 1992; Biner, 1994; Krstic, 1983; Rubinstein and Wang, 1998; Sigl, et al., 1981; Sun and 
Yeomans, 1996; Thompson and Raj, 1994] and the mechanics of this toughening process has been 
the subject of significant interest [Bannister et al., 1992; Cox, 1991; Kotoul and Profant, 2000; 
Kotoul and Urbis, 2001; Krstic, 1983; Ostlund, 1995; Rubinstein and Wang, 1998; Sigl et al., 1981; 
Sun and Yeomans, 1996; Tvergaard, 1992; Zimmerman, et al., 2001].  In recent years, several 
workers have sought to improve the fracture resistance of hydroxyapatite based ceramics through 
the incorporation of a ductile phase [Chaki and Wang, 1994; Chaki and Wang, 1995; Knepper, et 
al., 1997; Ruys, et al., 1995] with some success.  The improvements in toughness need to be viewed 
in the context of the development of a biomaterial.  In particular, the biocompatibility of the 
hydroxyapatite is sensitive to slight changes in chemical composition and either the particles 
themselves or the methods employed to incorporate them in the matrix may affect the 
biocompatibility of the hydroxyapatite, tending to limit the choice of materials available as potential 
ductile reinforcements.  In this study, platinum has been chosen to act as the ductile phase for 
because it is a bioinert metal and it can be readily incorporated into the hydroxyapatite matrix. 
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2 THE THEORY OF DUCTILE PARTICLE TOUGHENING 
As noted above, the mechanisms of ductile particle toughening of ceramic materials have been 
studied by a number of investigators.  In ductile particle toughening, a number of mechanisms of 
toughening have been identified.  In the first, the ductile particles deform to bridge the faces of a 
propagating crack, thereby absorbing energy through plastic deformation of the particles and 
applying closure stresses in the crack tip region.  Many authors regard this process as the main 
mechanism for the improved fracture toughness of propagating cracks in particle reinforced 
ceramics[Rubinstein and Wang, 1998; Sun and Yeomans, 1996].  In addition, several authors have 
found that microcracking may occur at considerable distances ahead of the crack tip.  The 
interaction between these microcracks and the main crack can lead to an increase in fracture 
toughness, although studies by Kotoul and Profant [Kotoul and Profant, 2000] found that these 
interactions did not significantly increase toughening.  Furthermore, the ductile particles may 
contribute to toughness by plastically deforming ahead of the crack tip as a result of the crack tip 
stresses, thus absorbing energy through plastic deformation of the constrained particles [Sigl et al., 
1981]. 
2.1 Contribution of Ductile Particles to Work of Fracture 
The steady state work of fracture per unit of area of fracture face due to ductile particle bridging 
is given by [Bannister et al., 1992]: 
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where Vf is the volume fraction of ductile particles, σ(u) is the nominal stress required to stretch a 
constrained ductile particle ligament by u and umax is the failure displacement of the ligament.  The 
steady state fracture toughness of the ceramic, Kss, is a result of contributions from the intrinsic 
fracture toughness of the material, Ko and the crack bridging by the ductile particles, as follows 
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where E and ν are the Young’s modulus and the Poisson’s ratio of the ceramic. If the bridging zone 
is small, the crack flank profiles are given by elastic theory for a plane strain crack 
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where x is the distance from the crack tip and E is the Young’s modulus of the composite. 
In using this predictive model, the critical factor in determining KSS is the determination of σ(u).  
This depends strongly on the degree of constraint that the ductile particle sees and hence is affected 
by debonding of the ductile particle from the matrix.  Studies by Tvergaard [Tvergaard, 1992] have 
shown that σ(u) increases initially to several times the uniaxial yield stress of the particle and then 
drops as necking of the particle occurs. 
2.2 Other theoretical considerations 
In order for the ductile particles to bridge the crack, the crack must pass through the particles.  
The crack can be deflected to either pass through or around the particle as a result of thermal stress 
or elastic modulus mismatch considerations.  The hydrostatic stress in the particle is dependent 
upon the difference between the coefficients of thermal expansion of the particle (αp) and the 
matrix, (αm).  If αp < αm then the ductile phase will be subject to a hydrostatic compressive stress 
and a propagating crack will be attracted to the particle.  In this case, the crack will tend to be 
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bridged by the particles and the toughening mechanism is possible.  If αp > αm then the ductile 
phase will be subject to a hydrostatic tensile stress the cracks will deflect and bypass the particles. 
The effect of Young’s modulus mismatch on the stress intensity factor of a crack was determined 
by Erdogan [Erdogan, 1974] who found that if Em < Ep, the stress intensity factor of a crack near the 
equator of a particle is decreased.  Therefore, the crack will tend to be repelled by the particle.  
Conversely, if Em > Ep, the stress intensity factor at the equator of the particle is increased, attracting 
the crack to the particle and thus leading to crack bridging. 
3 EXPERIMENTAL PROCEDURE 
3.1 Manufacture of Composite 
Hydroxyapatite powder was manufactured in the laboratory in accordance with standard 
procedures [Clegg, et al., 1999] and was mixed with dried ammonium hexachloroplatinate.  The 
mixture was pressed in a die to 10MPa to produce discs 12.4 mm diameter and approx 2 mm thick.  
The discs were then heated to 456°C to decompose the ammonium hexachloroplatinate (ACP).  The 
aim of the decomposition process was to produce a fine uniform dispersion of platinum particles 
throughout the hydroxyapatite matrix.  Once the ammonium hexachloroplatinate was decomposed, 
the discs were re-pressed to 80MPa and sintered at 1250, 1300 and 1350°C for four hours.   
3.2 Hardness and Fracture Toughness Evaluation 
The discs were polished to a 1 µm finish and were examined using a metallurgical microscope.  
Image analysis techniques were used to evaluate the volume fraction of platinum particles in the 
composite. 
Hardness of the composite was determined using a Vickers microhardness system.  Four or five 
hardness impressions were made on each polished section and the dimensions of the hardness 
impressions were measured using a metallurgical microscope.  Fracture toughness was estimated by 
measuring the length of cracks emanating from ends of the Vickers hardness impressions.  Fracture 
toughness (KIC) was estimated using the formulas as described in the literature [Anstis, et al., 1981].  
The load used to produce the hardness impressions was 100 g.  Larger loads tended to crush the 
ceramic and led to the formation of extensive secondary cracks, particularly in specimens with 
lower Vf of platinum particles. 
4 RESULTS 
Volume fraction of platinum particles (Vf) was predicted on the basis of the hydroxyapatite to 
ammonium hexachloroplatinate weight ratio (HAP/ACP) as measured prior to decomposition and 
was measured using image analysis of the polished sections. 
4.1 Microstructural Evaluation 
The microstructure of the composite consisted of particles of platinum embedded in a matrix of 
ceramic hydroxyapatite.  The platinum particles appeared to be isolated from one another, even at 
higher volume fractions, but were in the regions between the initial grains of the hydroxyapatite.  
The hydroxyapatite generally showed low levels of porosity when sintered at higher temperatures.  
However, the degree of porosity increased as the sintering temperature decreased.  The larger 
particles of platinum were approximately 5 µm in diameter, but many small particles may also have 
been present in the boundary regions.  The platinum particles had irregular but generally 
rounded/equiaxed shapes.  The samples with higher volume fractions of platinum showed some 
larger particles/agglomerates of platinum.  This was attributed to poor mixing of the ACP and 
hydroxyapatite in the initial stages of preparation of the composites.  Also, in some of the samples 
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the distribution of platinum particles was uneven.  Again this was attributed to problems with 
mixing of the samples. 
Figure 1 shows a typical picture of a crack 
formed by the Vickers hardness tester.  As can 
be seen, the crack is passing through a platinum 
particle which bridged the crack.  However, the 
crack does not appear to be attracted to particles 
and several particles are just missed by the 
crack.  
 
Figure 1 The cracks produced by the hardness 
impressions tended to propagate through some of the 
particles, with some particles bridging the crack. 
 
4.2 Hardness and Fracture Toughness 
The Vickers microhardness impressions were 
produced with a load of 100 g on polished samples.  The results of the fracture toughness tests are 
as shown in Figure 2.  Each point is an average of four or five independent readings and the error 
bars represent the sample standard error of the readings.  As can be seen, the inclusion of platinum 
particles into the ceramic matrix increased the fracture toughness up to twice that of the un-
toughened hydroxyapatite.  As the sintering temperature increased, the fracture toughness of 
material at a given volume fraction appeared to increase slightly, although not statistically 
significantly in these tests.  However, less variation in toughness was observed. 
5 DISCUSSION 
The fracture toughness of pure hydroxyapatite measured here is consistent with that reported 
elsewhere, typically 1.2 MPa√m [Gross and Rodriguez-Lorenzo, 2004].    The microstructural 
evidence suggests that at least some of the particles were bridging the cracks in a manner consistent 
with the modelling by Bannister et al. [Bannister et al., 1992].  However, the toughing effect of the 
particles according to Bannister et al. is a result of plastic deformation of the particles.  This relies 
on the particles being sufficiently well adhered to the ceramic for plastic deformation to occur 
preferentially over particle pull-out.  
Equ. (3) predicts that the maximum opening of the crack during these tests was of the order of 0. 
2 µm and hence the deformation of each particle will be less than this.  For a particle diameter of 5 
µm, this results in a maximum plastic strain of 4%, but most of the particles would experience 
strains much less than this.  According to the work of Tvergaard [Tvergaard, 1992], typical 
extensions to fracture of embedded particles were 50% of the particle diameter or approx. 2.5 µm. 
This suggests that the particles are not making a full contribution to the toughness of the material 
during these tests, as the crack is never reaching steady state.  Therefore, the test is only causing 
fracture part way through the R-curve of the material and the steady state fracture toughness ∆Gss 
was not reached.  Further testing using larger samples is required to measure the full R-curve 
behaviour.  However, there are a number of indications suggesting that the particles may not 
contribute as much to the toughness as predicted.  The first is that the particles have a higher elastic 
modulus than the matrix, tending to deflect the cracks away from the particles.  This may be partly 
offset by the high compressive residual stresses produced in the particles as a result of differences in 
coefficient of thermal expansion between platinum and hydroxyapatite.   
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Figure 2 Effect of volume fraction and temperature on the fracture toughness of the composite, as measured using 
Vickers hardness impressions at a load of 100g.  Error bars represent 1 standard error. 
 
The potential maximum toughening effect of the platinum particle can be estimated using the 
following equation [Bannister et al., 1992] 
 max max
1
2p f
G V uσ∆ =  (4) 
where σmax is the highest stress reached in the particle and umax is the extension of the particle as 
it separates.   The theoretical and measured Kss values for the composite are compared in assuming 
that σmax is the yield stress of platinum (200MPa) and umax is 50% of the particle diameter (2.5 µm). 
Table 1 Comparison of theoretic and experimentally determined Kss (in MPa√m). 
Vf (%) Theoretical Kss Experimental Kss 
 σmax = 200 MPa σmax =500 MPa 1250°C 1300°C 1350°C 
0 1.2 1.2 1.50 1.04 1.10 
0.21 1.22 1.26 1.27 1.43 0.96 
0.49 1.25 1.33 1.55 1.41 1.56 
1.02 1.31 1.46 2.49 1.89 2.15 
2.31 1.44 1.74 1.96 1.14 2.24 
4.73 1.65 2.16 3.35 2.75 2.51 
 
Table 1 indicates that the toughnesses measured are similar to but slightly larger than those 
predicted theoretically.  This may be due to a number of factors.  The presence of the particles may 
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cause more crack branching and deviation than predicted theoretically.  Alternatively, the 
manufacturing process may alter the nature of the hydroxyapatite matrix so that the intrinsic 
toughness of the material is increased.  Also, the degree of constraint about the particles may be 
greater than predicted and hence the estimates of σmax and umax may be significantly different from 
those used in the model above. 
6 CONCLUSIONS 
1. The effect of the platinum particles is to increase the fracture toughness of the 
hydroxyapatite.  The increase in fracture toughness correlated with the volume fraction of 
platinum. 
2. The method of measuring fracture toughness used here may not determine the steady state 
fracture toughness of the material although measured values were consistent with the 
theoretical estimates. 
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